Abstract. Pyrolytic carbon black (PCB) made from used tires was used in ethylene-propylene-diene copolymers (EPDM). The microstructure of PCB was characterized by scanning electron microscopy (SEM). PCB was compounded with EPDM to prepare EPDM vulcanizates. The effects of PCB on the processing properties of EPDM compounds and the mechanical properties of vulcanizates were investigated and compared with other traditional fillers such as semi-reinforcing furnace black (N774), light calcium carbonate (CaCO3) and thermal black (N990). At the same time, the rheological behavior of EPDM compounds filled with different fillers was characterized by capillary rheometrics. The SEM photos showed that the particle shape was quiet different from that of CaCO3 and N990, it was similar to that of N774. The primary particle size was smaller than that of N774, but the aggregate size of PCB was larger than that of N774. The effect of PCB on the processing properties of EPDM compounds was similar to that of other fillers. Among the four fillers, PCB imparted EPDM compounds with higher Mooney viscosity. With the increase of filler content, the scorch time and optimum curing time of EPDM compounds changed little. The reinforcing effect of PCB was similar to that of N990, but inferior to that of N774. With the increase of PCB content, tensile strength, tear strength, and modulus at 100% elongation of EPDM vulcanizates increased significantly. When EPDM was filled with 50 phr PCB, the tear strength of EPDM vulcanizates increased by 3 times, compared with that of EPDM gum vulcanizates. The appearance of EPDM extrudate filled with PCB was coarser than that of other fillers.
Introduction
The demand for tires is increasing rapidly with the development of the car industry. At the same time, the amount of used tires is also increasing rapidly. The disposal of used tires has become an important issue worldwide and represents a major environmental problem. At present there are three kinds of methods for the reclamation of used tires; they are retreading, recycling and pyrolysis [1] . The former two methods are not the final disposal of the used tires. Pyrolysis processing of used tires is considered to be an environmentally acceptable and promising disposal method with its high-energy recovery and low pollution emission. The main pyrolytic products of used tires are pyrolytic oil, pyrolytic gas and pyrolytic carbon black (PCB). Many scholars [2] [3] [4] [5] [6] [7] [8] home and abroad have studied the pyrolysis technology and characterized the properties of PCB. Many researchers [9] [10] [11] investigated the specific surface area and porosity of PCB. PCB can be used as fuel or as fillers in asphalt and rubbers [12] [13] [14] . There are few reports about PCB used in rubbers. In recent years, Peng and Xiao [15] investigated the superfine grinding and surface chemical modification of PCB, and studied the effect of modified PCB on the properties of NR (natural rubber) vulcanizates. Our previous work investigated the basic characteristics of PCB and the effects of PCB on the properties of SBR (stryene butadiene rubber) [16] . In this paper, we compare the microstructure of PCB, N774, N990 and CaCO 3 , and focus our efforts on the application of PCB in EPDM. As EPDM is a non-self-reinforcing rubber, the tensile strength of gum vulcanizates was very low. It is widely used for extruding products, such as hose and sealing strip. Various fillers showed obvious reinforcement for it. The effect of PCB on the processing properties of EPDM compounds and the mechanical properties of EPDM vulcanizates were systematically studied and compared with that of traditional carbon black and inorganic fillers.
Experimental

Materials
Ethylene-propylene-diene rubber (EPDM 2340A) was supplied by DSM, semi-reinforcing furnace carbon black (N774), was product of Qingdao Degussa Chem. Co. Ltd, China; thermal carbon black (N990), was product of Cabot Co., pyrolytic carbon black prepared from used tires (PCB) was supplied by Jinan Wanda New Energy Source Co. Ltd. (China), other agents were all industrial grades.
Morphology observation of PCB
PCB powder and other fillers were coated with a thin gold layer and examined with a JSM 6700F scanning electron microscope (SEM).
Compounding and sample preparation
The mixtures of rubber and all kinds of additives were prepared on a two-roller mill at room temperature. All the samples were based on 100 parts by weight of rubber. At first, activating agents (zinc oxide and stearic acid) were added into rubbers. After dispersion, fillers (N990, N774, PCB or CaCO 3 ) were added into the compounds. At last, the dicumyl peroxide (DCP) and triallyl isocyanurate (TAIC) were added. The compounds were press-cured to a 2 mm thick sheet at 170°C according to the curing time predicted by the vulkameter (UCAN EK-2000P from Taiwan).
Rheological behavior
Mooney viscosity (ML 1+4 at 100°C) of the compounds was determined on an automated Mooney viscometer (UCAN EK-2000M from Taiwan) according to ISO 289-1. Curing characteristics were measured at 170°C using a moving-die rheometer (UCAN EK-2000P from Taiwan) according to ISO 3417. Rheological behavior was characterized by capillary rheometry (Model RH2000, from Bohlin Company of England). Slenderness ratios of capillary are 16:1 and 0.4:1, respectively. The appearance of extrudate was observed by optical microscope (Model BX 51, from Olympus Company of Japan).
Measurement of mechanical properties
Tensile properties were measured with dumbbell specimens. The length of specimen was 75 mm and the cross section were 4 mm (width) × 2 mm (thickness) according to ASTM D412. Tear strength was tested according to ASTM D624 using an unnotched 90° angle test piece. Both tensile and tear tests were performed on an GT-AI-7000S (Guangzhou, China) material tester at a crosshead speed of 500 mm/min. Shore A hardness was determined using a hand-held Shore A Durometer according to ASTM D2240. All tests were carried out at 23°C.
Results and discussion
SEM photos of fillers
Figures 1a to 1d are SEM photos of N774 and PCB respectively. Seen from Figure 1 , the particle shape of PCB is similar to that of N774, but quite different from that of N990 and CaCO 3 . The particles of N990 are round and uniform, while the microstructure of CaCO 3 is flaky. The aggregation size of PCB (~10 μm) is obviously larger than that of N774 (~2 μm). At the same time, the size of N774 particle aggregation is uniform and the size distribution is narrow. Seen from Figures 1c and 1d , the basic fundamental particles of PCB are smaller than that of N774, but the size distribution of PCB is wider than that of N774. Compared with the particles of CaCO 3 and N990, the particle size of PCB is much smaller.
The application of PCB in EPDM
As is well known, commercial carbon blacks show obvious reinforcing effects for rubbers. PCB is similar to commercial carbon blacks in the constitution and structure, although the ash content of PCB is more than that of other carbon blacks [16] . Here we investigate the effect of PCB on the processing and mechanical properties of EPDM vulcanizate, and, at the same time compare it with commercial carbon blacks (such as N990 and N774) and inorganic filler (CaCO 3 ). 
Effect of fillers on the curing characteristics and Mooney viscosity of EPDM compounds
The effects of different fillers on the Mooney viscosity of EPDM compounds are shown in Figure 2 . The Mooney viscosities of EPDM compounds increase with the incorporation of all four kinds of fillers. The Mooney viscosities of EPDM compounds filled with PCB is obviously higher than those of EPDM compounds filled with CaCO 3 , N990 and N774. The magnitude of Mooney viscosity of EPDM filled with different fillers is as follows: PCB>N774>N990>CaCO 3 . As well known, the effect of the particle size of filler on the Mooney viscosity of compounds is more obvious than other factors such as structure and surface activity. As shown in Figure 1 , the primary particle of PCB is smaller than that of N774, which leads to the higher Mooney viscosity of EPDM compounds. 
Effect of fillers on the rheological behavior of EPDM compounds
The viscous activation energy of EPDM compounds
The variation in viscosity of polymer with temperature complies with the Arrhenius equation (Equation (1)):
where A -constant; ΔE η -viscous activation energy; R -gas constant; T -absolute temperature. The logarithmic format of Equation (1) is given in Equation (2):
The lnη-T -1 plots of EPDM compounds filled with different fillers are shown in Figure 3 . As seen from Figure 3 , lnη is linear with T -1 . According to Equa- tion (2), we can obtain the viscous activation energy of EPDM compounds, as shown in Table 2 . ΔE η reflects the minimum energy that the motion of macromolecule needs to overcome the interaction force between molecules. ΔE η of EPDM filled with PCB is less than that of EPDM filled with N990 and N774, but greater than that of EPDM filled with CaCO 3 . It reveals that the reinforcing effect of PCB is inferior to that of N990 and N774, superior to that of CaCO 3 . Figure 4 shows the appearance of EPDM extrudate at different shearing rates. As seen from Figure 5b . The fillers show different effects on the tear strength of EPDM vulcanizates: N774>PCB>N990>CaCO 3 . When the amount of PCB is 50 phr, the tear strength of EPDM vulcanizate is about 22 kN·m -1 , which is greater than that of N990 and CaCO 3 , approaches to that of N774. Compared with that of gum vulcanizates, the tear strength of EPDM vulcanizates filled 50 phr PCB improved by 3 times. Although the primary particle size of PCB is smaller than that of N774, the reinforcing effect of PCB for EPDM is inferior to that of N774. It is attributed to the surface activity of filler. During the pyrolysis of used tires, the carbonaceous residue formed deposites on the surface of PCB, which covers the surface active sites of PCB [17] .
The appearance of EPDM extrudate at different shearing rates
Conclusions
1) SEM photos indicate that the particle shape of PCB is quite different from that of N990 and CaCO 3 , but similar to that of N774. The primary particle size of PCB is smaller than that of N774, but the aggregate size of PCB is larger than that of N774, and the size distribution is wider. 2) The effect of PCB on the processing properties of EPDM compounds is similar to that of other traditional carbon blacks. The variation of Mooney viscosity and curing characteristic of compounds with PCB content is similar to that of other general fillers (for example N990, N774 and CaCO 3 ). With the incorporation of fillers into EPDM, the scorch time and optimum curing time of EPDM compounds change little, while the Mooney viscosity increases. 3) With the increase of PCB content, the tensile strength, tear strength, modulus at 100% elongation of EPDM vulcanizates are greatly improved. With the increase of filler content, the tensile strength of EPDM vulcanizates filled with PCB approach to that of N990, while the tear strength of EPDM vulcanizates filled with PCB is superior to that of N990, and approach to that of N774. When the amount of PCB increases from 10 to 50 phr, the tear strength of EPDM vulcanizates increased by 3 times. 4) The appearance of EPDM compounds filled with PCB is sausage-like, and coarser than that of other fillers.
